Introduction
============

MicroRNAs (miRNAs), endogenous small molecule RNAs (18--22 nt),[@cit1],[@cit2] are regarded as key regulators for an array of biological processes including cellular differentiation, proliferation and cell apoptosis.[@cit3] The deregulated expressions of miRNAs are interrelated with a variety of pathological conditions such as cancer and cardiovascular disease.[@cit4],[@cit5] Thus, they have received considerable attention as potential diagnostic and prognostic biomarkers and novel therapeutic targets.[@cit6],[@cit7] However, the gene regulation network of miRNAs exhibits a complex and orchestrated mode as a result of the imperfect complement between miRNAs and their target mRNAs,[@cit8] and single miRNA monitoring could not provide reliable and satisfactory information about the pathological processes. So far, a variety of novel fluorescence nanoprobes have been designed for multiplex detection and imaging of cancer-related mRNAs in living cells with high sensitivity and selectivity.[@cit9]--[@cit12] Developing strategies for accurate and sensitive multiplex miRNA detection in living cells is significant for miRNA biomedical applications.[@cit13],[@cit14] To address this issue, advanced delivery systems assisting the transfection of DNA probes into cells[@cit15],[@cit16] and efficient intracellular signal amplification strategies for improving the detection sensitivity are urgently needed.

The rapid development of DNA nanotechnology provides an opportunity to construct smart and versatile delivery nanocarriers with high cell uptake efficiency.[@cit17]--[@cit19] DNA hydrogels, a porous three-dimensional structured network using DNA as building blocks composed of complementary DNA sequences,[@cit20] have gained increasing attention for biological applications.[@cit21],[@cit22] Owing to their high biocompatibility, responsiveness, versatility and large loading capacity,[@cit23]--[@cit25] DNA hydrogels have attracted immense interest in various function material, biomedicine and sensor applications.[@cit26]--[@cit32] Especially, DNA hydrogels could be appended to any type of nucleic acid molecule (*e.g.* miRNA, siRNA or DNA aptamers) for cell-specific gene delivery in biological applications.[@cit18],[@cit29],[@cit33],[@cit34] The intrinsic responsive properties, high cell uptake efficiency and gene loading capacity of DNA hydrogels[@cit35] endow them with great potential for intracellular DNA/RNA functional molecular trigger responsive detection, which has barely been explored.

Catalytic DNA molecules (known as DNAzymes),[@cit36] in the presence of specific metal ions,[@cit37] enable cleavage at a single ribonucleotide embedded within their complementary DNA substrate without assistance from any other nicking enzyme.[@cit38] As a burgeoning enzyme-free signal amplification technique, the use of metal ion-specific DNAzymes[@cit39]--[@cit41] provides great prospects for fabricating highly sensitive sensors for specific intracellular detection owing to their designability, versatility and high catalytic efficiency.[@cit42]--[@cit44] A DNAzyme motor in response to a specific intracellular target operating in living cells was reported.[@cit45] A Zn^2+^-specific DNAzyme responsive to intracellular miRNA was designed for intracellular miRNA amplified detection.[@cit46] However, the abundance of the intracellular metal ions limits the sensitivity of the ion-dependent DNAzyme amplification efficiency and its practical application.

Herein, we develop an Au nanoparticle (NP) DNA hydrogel (AuDH) network constructed from three different DNA-capped Au NPs (Au-P1, Au-P2 and Au-P3) and their complementary fluorescent dye-modified DNA probes (P1, P2 and P3, embedded with ribonucleotides). Three hairpin-locked DNAzyme strands (H1, H2 and H3) and their specific metal ions (Cu^2+^, Mg^2+^ and Zn^2+^)[@cit47],[@cit48] are simultaneously loaded into the AuDH (AuDH/M^*n*+^/H) to fabricate a smart and versatile system ([Fig. 1A](#fig1){ref-type="fig"}). It is specifically responsive to intracellular multiplex miRNAs (miR-21, miR-373 and miR-155), which specifically trigger the strand-displacement reaction and hairpin-locked DNAzyme-assisted target recycling dual signal amplification to simultaneously assess the abundance of multiplex cancer-related miRNAs, even if at a very low expression level, in different cells through the amplified specific fluorescence signal ([Scheme 1](#sch1){ref-type="fig"}).

![(A) The self-assembly procedure of AuDH/M^*n*+^/H. HPLC characterization of Au NPs and DNA-capped Au NPs, Au-P1 (B), Au-P2 (C) and Au-P3 (D); the insets present the TEM images of Au-P1, Au-P2 and Au-P3; the scale bar is 5 nm. TEM characterization of Au-P1, Au-P2 and Au-P3 without linkers (E), AuDH (F), and AuDH/M^*n*+^/H (G). (H) DLS analysis of DNA-capped Au NPs and AuDH. (I) Zeta potential measurement of DNA-capped Au NPs, AuDH, AuDH/M^*n*+^ and AuDH/M^*n*+^/H.](c8sc02858c-f1){#fig1}

![Schematic illustration of the imaging of multiplex miRNAs in living cells using AuDH/M^*n*+^/H-mediated dual signal amplification.](c8sc02858c-s1){#sch1}

Results and discussion
======================

Characterization of the self-assembled DNA hydrogel
---------------------------------------------------

High-performance liquid chromatography (HPLC) was used to verify the synthesis of phosphorothioate domain-embedded DNA-capped Au NPs. The characteristic peaks of pure Au NPs and DNA-capped Au NPs at 519 nm (Au NP absorbance) were recorded and are shown in [Fig. 1B--D](#fig1){ref-type="fig"}. Compared to the profile of the pure Au NPs, the absorbance peak of DNA-capped Au NPs at 519 nm shifted, which demonstrated that the three DNA-capped Au NPs (Au-P1, Au-P2 and Au-P3) had been successfully synthesized. Transmission electron microscopy (TEM) revealed that the average size of the DNA-passivized Au NPs was about 4 nm (inset in [Fig. 1B--D](#fig1){ref-type="fig"}). The agarose gel electrophoresis analysis indicated the successful stepwise assembly of the designed DNA-three way junction nanostructure and feasibility for further forming Au DNA hydrogels (AuDH) (Fig. S1, ESI[†](#fn1){ref-type="fn"}). Furthermore, the assembly of AuDH was adequately characterized. The DNA-capped Au NPs dispersedly distributed in the absence of linked DNA probes ([Fig. 1E](#fig1){ref-type="fig"}). The addition of the linker DNA probes induced obvious connection and assembly of DNA-capped Au NPs to form AuDH with an average size of ≈200 nm ([Fig. 1F](#fig1){ref-type="fig"}), which was consistent with the dynamic light scattering (DLS) results ([Fig. 1H](#fig1){ref-type="fig"}). As shown in [Fig. 1G](#fig1){ref-type="fig"}, when the metal ions (Cu^2+^, Mg^2+^ and Zn^2+^) and hairpin-locked DNAzyme strands (H1, H2 and H3) were loaded onto AuDH, a layer of floccule was obviously observed on the surface of the AuDH, indicating the successful coating and generation of AuDH/M^*n*+^/H. As shown in [Fig. 1I](#fig1){ref-type="fig"}, the zeta potential of the AuDH was about --28.6 mV, and the surface zeta potential changed from --28.6 mV to --6.43 mV after the AuDH was loaded with positively charged metal ions. The coating of negatively charged hairpin-locked DNAzyme strands induced a zeta potential change to --15.2 mV, further indicating the successful formation of AuDH/M^*n*+^/H. Under optimal conditions, the AuDH showed large loading capacity for hairpin-locked DNAzyme strands and metal ions (Fig. S2, ESI[†](#fn1){ref-type="fn"}).

Feasibility of AuDH/M^*n*+^/H for dual-signal amplification
-----------------------------------------------------------

The amounts of hairpin-locked DNAzyme strands and metal ions significantly influenced the DNAzyme-assisted target miRNA recycling and strand-displacement reaction, which were firstly optimized. The optimal molar ratio of AuDH to hairpin-locked DNAzyme strands was 1 : 0.25 for all three H1, H2 and H3 probes (Fig. S3A--C, ESI[†](#fn1){ref-type="fn"}), while 1 mM Cu^2+^, 10 mM Mg^2+^ and 2.5 mM Zn^2+^ were selected as optimal concentrations for the DNAzyme-assisted signal amplification step (Fig. S3D--F, ESI[†](#fn1){ref-type="fn"}). Under optimized conditions, the feasibility of this strategy for ternary miRNA detection was investigated ([Fig. 2](#fig2){ref-type="fig"}). As shown in [Fig. 2A](#fig2){ref-type="fig"}, the solid lines, the short dashed lines and the short dotted lines indicate the fluorescence intensity in response to miR-21, mi-373 or miR-155. Upon excitation at the corresponding wavelength, the fluorescence intensities of FAM, Cy3 and Cy5 between the AuDH/M^*n*+^/H exposed to the one specific target miRNA (green curves) and the mixture containing all three miRNAs (purple curves) were almost the same, which indicated negligible mutual interference for miRNA detection and good feasibility of ternary miRNA simultaneous detection. Meanwhile, polyacrylamide gel electrophoresis (PAGE) was employed to verify the feasibility of AuDH/M^*n*+^/H for dual amplification *in vitro*, demonstrating the feasibility of AuDH/M^*n*+^/H for dual-signal amplification (Fig. S4, ESI[†](#fn1){ref-type="fn"}).

![(A) Feasibility analysis of the AuDH/M^*n*+^/H for detection of multiplex miRNAs (miR-21/FAM, miR-373/Cy3, and miR-155/Cy5). (B) The corresponding fluorescence intensities in (A).](c8sc02858c-f2){#fig2}

We further investigated the dual-signal amplification efficiency. Compared to the control (black curves), the fluorescence intensities of the AuDH hybridized with miRNAs induced a slight increase (blue curves). The addition of hairpin-locked DNAzyme strands further caused an increase in fluorescence intensities due to the toe-hold strand-displacement recycling amplification reaction (red curves). The combined introduction of hairpin-locked DNAzyme strands and metal ions led to a sharp increase in the fluorescence values as a result of toe-hold strand-displacement and DNAzyme-assisted miRNA recycling dual-signal amplification (green curves), and it was 4.48-fold higher for miR-21, 2.65-fold higher for miR-373 and 3.49-fold higher for miR-155, respectively, compared to the control groups ([Fig. 2B](#fig2){ref-type="fig"}).

Subsequently, the fluorescence intensity of this proposed assay for ternary miRNA detection was evaluated through dual amplification steps. As shown in [Fig. 3A--C](#fig3){ref-type="fig"}, the fluorescence intensity increased with the increase of target miRNA concentration, exhibiting a wide linear relationship with the logarithm of miRNA concentration from 1 fM to 100 pM (inset in [Fig. 3A--C](#fig3){ref-type="fig"}). The regression equations between the concentration (M) of the three types of target miRNAs and their fluorescence intensities are described as follows:miR-21: *F* (a.u.) = 267.5 lg *C* (M) + 4491.6, *R* = 0.996miR-373: *F* (a.u.) = 128.8 lg *C* (M) + 2902.2, *R* = 0.984miR-155: *F* (a.u.) = 218.1 lg *C* (M) + 4084.7, *R* = 0.986where *R* is the corresponding correlation coefficient of the calibration curve. The limit of detection (LOD) of the target miRNAs was calculated by using three times the standard deviation of the control fluorescence intensity values according to previous reports,[@cit49],[@cit50] which were estimated to be 179 × 10^--18^ M for miR-21, 58.8 × 10^--18^ M for miR-373 and 24.9 × 10^--18^ M for miR-155, respectively, suggesting the good sensitivity of this strategy. These results suggested the high amplification efficiency of the proposed system.

![(A--C) Fluorescence spectral responses to the different concentrations of miR-21 (FAM, control and 1 fM to 100 pM), miR-373 (Cy3, control and 1 fM to 1 nM) and miR-155 (Cy5, control and 1 fM to 1 nM). The insets in A--C show the linear correlation between the corresponding fluorescence intensity and the logarithm of miRNA concentrations.](c8sc02858c-f3){#fig3}

Multiplex miRNA imaging in living cells
---------------------------------------

The high amplification efficiency and multiplex miRNA detection capability of the system motivated us to further investigate its performance for multiplex miRNA imaging in living cells. The investigation revealed that the prepared AuDH/M^*n*+^/H nanoconstruct exhibited good stability in cell media containing serum (Fig. S5, ESI[†](#fn1){ref-type="fn"}). The cytotoxicity of the resultant AuDH and AuDH/M^*n*+^/H was evaluated. The cell viability of AuDH/M^*n*+^/H-treated MCF-7 cells was slightly lower than that of the AuDH-treated cells due to the loaded metal ions. The cell viabilities of AuDH/M^*n*+^/H-treated groups were still high at 86.5% even upon adding 100 μL AuDH/M^*n*+^/H into 4 mL cell media, which is similar to the conditions selected in the subsequent experiments. These results suggested the low cell cytotoxicity of AuDH/M^*n*+^/H under these conditions (Fig. S6, ESI[†](#fn1){ref-type="fn"}). Furthermore, the cellular uptake procedure of the resultant AuDH was also explored using MCF-7 as a model. As shown in Fig. S7,[†](#fn1){ref-type="fn"} the AuDH was taken up when the cells were exposed to AuDH in one hour and the AuDH was abundant in the cells incubated for 4 hours (Fig. S7A, ESI[†](#fn1){ref-type="fn"}), which was similar to the commercial liposome-treated cells (Fig. S7C, ESI[†](#fn1){ref-type="fn"}). The weak fluorescence signal of DNA hydrogels without AuNP modification showed the low cellular uptake efficiency compared with the prepared AuDH (Fig. S7B, ESI[†](#fn1){ref-type="fn"}). The endocytosis mechanism of the prepared AuDH was also investigated. Low temperature is a well-known factor for suppressing the production of adenosine triphosphate (ATP), hindering the endocytic pathway and inhibiting the cellular activity. When the incubation temperature was chosen to be 4 °C, a very weak fluorescence signal could be observed (Fig. S8A, ESI[†](#fn1){ref-type="fn"}) and the inhibition percentage was up to 86.7% (Fig. S8C, ESI[†](#fn1){ref-type="fn"}), assuming that just 14% of AuDH entered into cells by energy-independent pathways and the rest was taken up through energy-dependent pathways. Subsequently, the endocytosis mechanism for AuDH cellular uptake as an energy-dependent pathway was explored. Chlorpromazine and colchicine were used as a clathrin-mediated endocytosis and macro-pinocytosis inhibitor, respectively. The cellular uptakes of AUDH in chlorpromazine- and colchicine-treated MCF-7 cells were decreased to 57.5% and 49.8%, respectively, indicating that the AuDH entered cells *via* clathrin-mediated endocytosis and/or macro-pinocytosis pathways (Fig. S8, ESI[†](#fn1){ref-type="fn"}). The expression levels of miR-21, miR-373 and miR-155 in two cancer cell lines including A549 (a lung cancer cell line) and MCF-7 cells (a human breast cancer cell line) and a normal cell line of NHDF cells (normal human dermal fibroblast cells) were explored using the AuDH/M^*n*+^/H nanosystem.

As shown in [Fig. 4A](#fig4){ref-type="fig"}, the AuDH-treated MCF-7 cells (as control) presented three weak fluorescence signals (green FAM for miR-21, yellow Cy3 for miR-373 and red Cy5 for miR-155) derived from the direct recognition of miRNAs by AuDH probes without signal amplification. For the MCF-7 cells incubated with AuDH/H, the corresponding fluorescence intensities of the three miRNAs were increased, being 4.77-fold higher for miR-21, 3.91-fold higher for miR-373 and 3.02-fold higher for miR-155 compared with their corresponding signals in control groups. In contrast, the corresponding fluorescence intensities of the AuDH/M^*n*+^/H-treated cells were sharply enhanced, being 7.22-fold higher for miR-21, 6.12-fold higher for miR-373 and 5.39-fold higher for miR-155 than that observed in the AuDH-treated group, respectively ([Fig. 4A](#fig4){ref-type="fig"} and S9, ESI[†](#fn1){ref-type="fn"}), indicating that the AuDH/M^*n*+^/H mediated dual-signal amplification system could be used for simultaneously imaging miRNAs in living cells with high sensitivity. Similar results were observed in the A549 cells ([Fig. 4B](#fig4){ref-type="fig"}) and NHDF cells ([Fig. 4C](#fig4){ref-type="fig"}). Notably, although almost no visible fluorescence signals were observed in the AuDH-treated NHDF cells ([Fig. 4C](#fig4){ref-type="fig"}), an approximately 2.63-fold fluorescence enhancement and thus obvious fluorescence signals were observed in the cells treated with AuDH/M^*n*+^/H.

![Confocal Laser Scanning Microscopy (CLSM) images and the corresponding fluorescence intensity derived from miRNA recognition in MCF-7 (A), A549 (B) and NHDF (C) incubated with AuDH, AuDH/H and AuDH/M^*n*+^/H, respectively. The nucleus was stained blue by Hoechst; the FAM, Cy3 and Cy5 fluorescence signals were presented as green, yellow and red, respectively. The scale bar is 25 μm.](c8sc02858c-f4){#fig4}

As expected, the differences in abundance of these miRNAs in the three types of cells were clearly and sensitively revealed, suggesting the much lower expression level of the three miRNAs in NHDF cells compared with the two types of cancer cells. Meanwhile, the higher abundance of miR-373 in MCF-7 cells and miR-155 in A549 cells than that in the other cells was also demonstrated.[@cit51] These results demonstrated that the AuDH/M^*n*+^/H nanosystem for simultaneously and sensitively imaging intracellular miRNAs provided a facile and promising way to discriminate between different types of cells with various miRNA expression levels.

The abundance of miRNAs varied in various physiological processes and under various pathological conditions. It is important to sensitively monitor the change of miRNAs in living cells to provide useful diagnostic and prognostic information. Using siRNA and miRNA mimics as regulators, the down- or up-regulated miRNA expression levels monitored by the AuDH/M^*n*+^/H nanosystem were further studied. As shown in [Fig. 5](#fig5){ref-type="fig"}, the green, yellow and red fluorescence signals were derived from miR-21, miR-373 and miR-155 detection, respectively. The green fluorescence intensity of cells that received miR-21 inhibitor treatment exhibited a significant decrease ([Fig. 5A](#fig5){ref-type="fig"}), which was 4.11-fold lower than that of the control group, and the yellow and red fluorescence intensities were almost the same ([Fig. 5B](#fig5){ref-type="fig"}). The cells treated with miR-373 inhibitors or miR-155 inhibitors also exhibited a sharp decrease in the corresponding fluorescence intensity compared to the control group ([Fig. 5A and B](#fig5){ref-type="fig"}). In contrast, when the MCF-7 cells were treated with specific miRNA mimics, a higher corresponding fluorescence intensity related to the high expression level of miRNA compared to that in the control group was observed ([Fig. 5A and C](#fig5){ref-type="fig"}). These results indicated that this proposed assay enabled simultaneous imaging of the change of abundance of miRNAs, even if at a low expression level, which may be useful for disease diagnosis and prognosis.

![(A) CLSM images of MCF-7 cells that received down-regulated (miR-21 inhibitors, miR-373 inhibitors or miR-155 inhibitors) or up-regulated treatments (miR-21 mimics, miR-373 mimics or miR-155 mimics) and were detected by the AuDH/M^*n*+^/H nanosystem. The corresponding fluorescence intensities for the MCF-7 cells that received down-regulated (B) and up-regulated treatments (C).](c8sc02858c-f5){#fig5}

Conclusions
===========

A versatile Au--DNA hydrogel for simultaneously and sensitively imaging intracellular multiplex miRNAs was developed using a toe-hold strand-displacement reaction and hairpin-locked DNAzyme-assisted miRNA recycling dual signal amplification. A wide linear range, low limit of detection and good selectivity for simultaneous detection of multiplex miRNAs in homogeneous solution were demonstrated. The abundance of three types of intracellular cancer-related miRNAs in different types of cancer cells and normal cells was simultaneously and sensitively detected with only one step transfection. The changes regulated by siRNA or miRNA mimics in living cells were successfully and sensitively monitored, which was useful for cancer diagnosis and prognosis. This strategy enables accurate and sensitive differentiation of cancer cells by imaging intracellular multiplex miRNAs even with a very low expression level, and we hope that it will provide an opportunity for the early diagnosis of cancer with high accuracy and sensitivity.

Experimental
============

Materials and reagents
----------------------

Copper([ii]{.smallcaps}) chloride dihydrate (CuCl~2~·2H~2~O), magnesium chloride hexahydrate (MgCl~2~·6H~2~O), zinc chloride (ZnCl~2~) and trisodium citrate dihydrate were purchased from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China). Tetrachloroauric acid (HAuCl~4~) was provided by Toronto Research Chemicals Inc. (Toronto, Canada). All the reagents were of analytical reagent grade. Ultrapure water generated from a Millipore Milli-Q water purification system (Billerica, MA, USA) was used in all experiments. Chlorpromazine and colchicine were purchased from Energy Chemical (Shanghai, China). Phosphate-buffered saline (PBS, pH 7.4, 10 mM, 137 mM NaCl), Dulbecco\'s modified Eagle\'s medium (DMEM) and fetal bovine serum (FBS) were provided by Life Technologies Corporation (Los Angeles, CA, USA). The oligonucleotide strands in our experiments were obtained from Sangon Biological Engineering Technology & Services Co., Ltd. (Shanghai, China). All of the nucleotide strands were purchased from GenePharma (Shanghai, China) and diluted in diethy pyrocarbonate (DEPC) water for further use. The DNA and RNA sequences are presented in the ESI.[†](#fn1){ref-type="fn"}

Synthesis of DNA-capped Au nanoparticles (NPs)
----------------------------------------------

The distillation 10 mL-flakes and stirring bars were soaked in aqua regia solution and repeatedly rinsed thoroughly with ultrapure water before using. 20 μL of HAuCl~4~ (1 mM) solution was added into 1.8 mL of 1 nmol DNA-template solution, and stirred for 30 min at room temperature. Then the mixture was heated until boiling, and 2 μL of trisodium citrate dihydrate was added to the boiling solution rapidly, and the colorless mixture changed to wine red, maintaining the reaction for 5 min. The DNA-capped Au NPs were obtained, labeled as Au-P1, Au-P2 and Au-P3.

Assembly of Au-based DNA hydrogels (AuDH)
-----------------------------------------

DNA-capped Au nanoparticles were purified *via* centrifugation at 12 000 for 10 min to remove residual DNA and inorganic salts, and the operation was repeated three times. The resultant DNA-capped Au NPs were re-dispersed in PBS (pH 7.4, 10 mM) for use. DNA-capped Au NPs (Au-P1, Au-P2 and Au-P3) and linker DNA strands (P1, P2 and P3) were mixed in a PCR-tube with a ratio of 1 : 4, and incubated at 95 °C for 2 min, and cooled down to 80 °C, 75 °C, 70 °C, 65 °C, 60 °C, 55 °C, 50 °C, 45 °C, and 40 °C (each temperature was maintained for 5 min). Afterwards, the mixture was cooled down to 37 °C and this temperature was maintained for 2 h. The assembled AuDH was purified *via* centrifugation at 6000 rpm for 10 min to remove the free DNA-capped Au NPs and linker DNA strands. The purified AuDH was re-suspended in PBS (pH 7.4, 10 mM) for use.

Loading of metal ions and DNA hairpins (AuDH/M^*n*+^/H)
-------------------------------------------------------

The assembled AuDH was mixed with different concentrations of metal ion solutions (Cu^2+^, Mg^2+^ and Zn^2+^) in PBS (pH 7.4, 10 mM) and incubated for 2 h at room temperature. Then the solution mixture was centrifuged at 5000 rpm for 10 min to remove the free metal ions. The resultant AuDH/M^*n*+^ was incubated with different concentrations of hairpin-locked DNAzyme strands (H1, H2 and H3) for 2 h at room temperature, and the final AuDH/M^*n*+^/H nanoconstruct was obtained for miRNA detection.

miRNA fluorescence detection *in vitro*
---------------------------------------

50 μL of AuDH/M^*n*+^/H and different types of miRNAs with different concentrations were mixed in a 100 μL PCR-tube containing PBS (pH 7.4, 10 mM, 137 mM NaCl) and incubated for 3 h at 37 °C. Three types of fluorescence intensities were recorded at 525 nm, 568 nm and 662 nm with excitation at 490 nm, 540 nm and 640 nm, respectively, using an F-7000 fluorescence spectrometer (HITACHI, Tokyo, Japan).

Cellular uptake investigation with inhibitors
---------------------------------------------

MCF-7 cells were seeded in 20 mm glass bottom cell culture dishes in DMEM with 10% FBS at 37 °C under a humidified atmosphere with 5% CO~2~ for 24 h. The MC-7 cells were incubated with AuDH (FAM), pure DNA hydrogels (FAM) and commercial Lipofectamine®2000 (FAM) solution in Opti-MEM medium. The fluorescence signals of the three nanomaterials were observed at intervals of one hour with a confocal laser scanning fluorescence microscope (UltraVIEW VoX, PerkinElmer, Germany).

Low temperature 4 °C (ATP inhibitor): MCF-7 cells were seeded in 20 mm glass bottom cell culture dishes in DMEM with 10% FBS at 37 °C under a humidified atmosphere with 5% CO~2~ for 24 h. The dish was placed in a 4 °C environment for 10 min and then the medium was removed. Subsequently, the AuDH (FAM) solution was dispersed in Opti-MEM medium, which was then maintained at 4 °C for 1 h. The fluorescence signals were observed with a confocal laser scanning fluorescence microscope (UltraVIEW VoX, PerkinElmer, Germany).

Chlorpromazine/colchicine (inhibitor for clathrin-mediated endocytosis): MCF-7 cells were pre-incubated with colchicine or chlorpromazine (5 μg mL^--1^) in serum-free medium. After 1 h of incubation, the medium was replaced with fresh Opti-MEM medium containing AuDH (FAM) and further incubated for 1 h. Then, the cells were washed with PBS (10 mM, pH 7.4) three times and the fluorescence intensity was observed using a confocal laser scanning fluorescence microscope (UltraVIEW VoX, PerkinElmer, Germany).

miRNA imaging in living cells
-----------------------------

NHDF, A549 and MCF-7 cells were respectively cultured in 20 mm glass bottom cell culture dishes in DMEM with 10% FBS at 37 °C under a humidified atmosphere with 5% CO~2~ for 24 h. The cells were exposed to AuDH/M^*n*+^/H solution in Opti-MEM medium. After 4 h of incubation, the cells were replaced with fresh medium and incubated for another 12 h, accomplishing the intracellular miR-21/miR-373/miR-155 recognition. The fluorescence signals for miR-21 (FAM)/miR-373 (Cy3)/miR-155 (Cy5) imaging in the cells were observed with a confocal laser scanning fluorescence microscope (UltraVIEW VoX, PerkinElmer, Germany).
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